Numerous studies have established a defect in the metabolism of acid mucopolysaccharides (AMPS) in Hurler's syndrome. This defect is manifested by deposition in tissues and excretion in urine of dermatan sulfate and heparitin sulfate.'-' Danes and Bearn have shown that cells derived from both patients and carriers show increased metachromasia. 8 This phenomenon provides a useful tool for genetic studies.9 Previous investigations from this laboratory have demonstrated that Hurler fibroblasts in tissue culture produce six to ten times as much AMPS as do normal human fibroblasts.'0 Fractionation of the AMPS showed increased amounts not only of dermatan sulfate but also of hyaluronic acid and chondroitin sulfate A or C. 10 The enzymic defect in Hurler's syndrome is still unknown. Earlier studies have indicated that Ai\IPS isolated, without proteolysis, from urine and tissues of Hurler patients have a lower molecular weight and fewer amino acid residues than the same polysaccharides isolated from normal tissues after proteolytic digestion.11 The finding of less than one serine residue per polysaccharide chain was striking. 6 These studies indicated that the AMPS deposited in tissues and excreted in the urine are degraded.12 Such findings raised the question as to whether the biosynthetic pathways in Hurler's disease are abnormal or whether the accumulation of AMPS is due to a defect in the degradation mechanism.
In embryonic chick chondrocytes, the biosynthesis of sulfated AMPS is inhibited by puromycin, indicating the necessity of formation of the protein moiety for synthesis of polysaccharide chains.'3 Puromycin similarly inhibits incorporation of both radioactive acetate and sulfate into total AMPS in both normal and Hurler fibroblasts,'0 suggesting that protein-polysaccharide complex is formed in both Hurler and normal human fibroblasts.
It is the purpose of this communication to report data which indicate that, unlike the material deposited and excreted, the polysaccharide chains formed in Hurler fibroblasts are comparable in molecular size and amino acid composition to the AMPS of normal tissues. Furthermore, additional data will be presented to indicate that, like the sulfated AMPS, hyaluronic acid is also formed as a protein complex.
Materials and Methods.-Sodium acetate-H3 (206 mc/mmole) was obtained from Nuclear-Chicago. Iserine-U-C'4 (110 mc/mmole) was obtained from the International Chemical and Nuclear Corp. Puromycin hydrochloride was purchased from General Biochemicals, Inc. Cycloheximide was obtained from Aldrich Biochemicals, Inc. Hyaluronic acid prepared from streptococci, dermatan sulfate prepared from pig skin, and pneumococcal hyaluronidase were gifts of Dr. J. A. Cifonelli. Purified testicular hyaluronidase (20,000 IU/mg) was obtained from AB Leo, Halsingborg, Sweden.
Tissue culture: Fibroblast cultures were established from skin biopsies of patients with Hurler's syndrome and normal children as described previously.'0 The cells used for the study, fifth to the seventh transfers, were grown for 3 weeks before use and at the time of harvest the number of cells was 12-14 X 106 per 100-mm tissue culture plate. Cells were trypsinized with 0.25% trypsin and counted in a Neubauer hemocytometer.
Isolation of AMPS: AMPS were isolated by digestion with crystalline papain, dialysis, and precipitation with cetylpyridinium chloride (CPC), as previously described. 14 The crude AMPS were dissolved in 0.5 M NaCi, and CPC was added to this solution. Under these conditions hyaluronic acid remains in solution and sulfated polysaccharides precipitate. The hyaluronic acid fraction was precipitated with 3 vol of EtOH. Both the hyaluronic acid fraction and the sulfated AMPS were further purified by chromatog- Digestion of hyaluronic acid with pneumococcal hyaluronidase was carried out as described.23 The digest was chromatographed on a column (100 X 0.6 cm) of Sephadex G-25, superfine.
Amino acid analyses and amino sugars were determined by the Technicon amino acid analyzer.
Electrophoresis was carried out in a 0.15 M pyridine-formic acid buffer at pH 3.0 for 1 hr with a voltage gradient of 15 v/cm, using cellulose polyacetate strips (Sepraphore III). The strips were stained with a 1% solution of acridine orange.24
The viscosity-average molecular weight (Mu) was calculated from the intrinsic viscosity [X1] of the purified hyaluronic acid and dermatan sulfate. These determinations were kindly done by Dr. M. B. Mathews by a method previously described.2' Labeling experiments: Cells were incubated for 2 hr with 5 ml of medium containing 50uc of acetate-H3 or 25 /Ac of L-serine-U-C'4. AMPS were isolated from the cells and media after addition of 2 mg of dermatan sulfate and 2 mg of hyaluronic acid as carriers.
In the experiments with L-serine-U-C'4, the media and cells were divided equally, and one half was used for isolation of AMPS and the remainder for the precipitation of proteins with hot TCA. Puromycin hydrochloride or cycloheximide were added simultaneously with the radioactive precursors in a concentration of 25,ug/ml.
Results.-Inhibition by puromycin and cycloheximide: In previous studies, puromycin was found to inhibit incorporationof S3'04= into AMIPS almost completely but incorporation of acetate-HI to a lesser extent. " Since these results did not clearly indicate whether hyaluronic acid synthesis was dependent on concomitant synthesis of protein, it was necessary to re-examine this question and determine more specifically whether inhibition of protein synthesis results in inhibition of hyaluronic acid synthesis as well as that of sulfated polysaccharides. As a further check of the specificity of the puromycin effect, cycloheximide was also employed. Cells were labeled with acetate-H3 and L-serine-U-C14 for two hours in the presence of puromycin or cycloheximide. Hyaluronic acid and sulfated AMPS were isolated and radioactivity was determined. The results of these experiments are described in Tables1 and 2. Table 1 illustrates the effect of puromycin on both hyaluronic acid and sulfated AMPS (dermatan sulfate) synthesis in a typical experiment. It is to be noted that acetate incorporation into both hyaluronic acid and dermatan sulfate found in both cells and medium was inhibited in both normal and Hurler cells. Similar inhibition was apparent with respect to incorporation of serine into the polysaccharide fractions. Incorporation of serine into TCA-precipitable protein was almost completely inhibited under these conditions. The lower degree of inhibition of incorporation of acetate into the intracellular hyaluronic acid has been consistently observed. Experiments with cycloheximide gave identical results. Table 2 summarizes the data obtained from a number of experiments with both puromycin and cycloheximide. The data consistently showed that inhibition of protein synthesis is accompanied by decreased incorporation of radioactive precursors into polysaccharide.
To ascertain the purity of the radioactive hyaluronic acid, samples eluted from Dowex with 0.5 M NaCl were separated by electrophoresis on Sepraphore III at pH 3.0. All the radioactivity corresponded to a spot which migrated as hyaluronic acid. Furthermore, the hyaluronic acid fraction was digested with pneumococcal hyaluronidase, which specifically attacks hyaluroilic acid, and the digest was then chromatographed on Sephadex G-25. In the undigested sample all the radioactivity emerged in the void volume after 12 ml, along with all the uronic acid. In contrast, following enzyme digestion, the peaks of radioactivity and uronic acid were retarded and recovered after an effluent volume of 25-30 ml. Structure of synthesized AMPS: In view of the evidence that Hurler cells, like normal fibroblasts, are synthesizing protein-polysaccharide complex, it became necessary to determine whether the intracellular polysaccharide of fibroblasts is degraded as has been demonstrated for AMPS deposited in tissues and excreted in urine.
For this purpose cells were harvested from 100 plates (100 mm) of fifth-transfer cultures after three weeks of incubation. A total of approximately 55 mg of crude AMPS were isolated. In electrophoresis, this mixture separated into two major and one minor components. The major components migrated as do hyaluronic acid and dermatan sulfate, while the minor component had a mobility similar to that of chondroitin sulfate A or C. This mixture was fractionated with CPC, and the hyaluronic acid and dermatan sulfate were repurified by chromatography on Dowex. Analyses of these preparations are shown in Table 3 . A most striking finding was the fact that the viscosity-average mo- lecular weight (M,) of intracellular dermatan sulfate is high, in marked contrast to the low values obtained previously for dermatan sulfate isolated from Hurler tissues and urine. In order to be certain that this was not due to variation between materials from different patients, dermatan sulfate was isolated from the urine of the same patient and was found to be similar to preparations obtained from other urines (Table 3) . Since previous studies6 showed that dermatan sulfate isolated from Hurler tissues contained less than one serine residue per polysaccharide chain, even without proteolytic digestion, amino acid analyses were carried out on the intracellular dermatan sulfate, isolated after proteolytic digestion. Aspartic acid and serine were found with traces of other amino acids. Approximately two serine residues and slightly less than one aspartic acid residue were found per chain of 40,000, as determined by viscometry. Since the AMIPS are often rather polydisperse, the number average molecular weight (AIN) is generally considerably lower than the Mr. If it is assumed that each polysaccharide chain contains one serine residue, MN of 20,000-25,000 may be calculated from the serine analysis. These values are in good agreement with the results obtained in the case of another patient from whose fibroblasts larger amounts of material were available. This preparation had an MN of 21,500 and an M, of 37,000. The results obtained are therefore consistent with the presence of approximately one serine residue per chain. These data are in marked contrast to analyses of preparations isolated from post-mortem tissues and urine.
In Discussion.-Though a large number of reports have indicated a defect in the metabolism of acid mucopolysaccharides in Hurler's syndrome, the exact nature of this defect remains unknown. The existence of several genetic variants affecting genes on different chromosomes (X-linked form and autosomal recessive) suggest that more than one bichemical abnormality may lead to similar phenotypic expression.
In a previous publication,'0 it was shown that Hurler fibroblast cultures show an increase in uptake of radioactive precursors into AMPS. Particularly striking was the accumulation of material intracellularly.10 It has been suggested that this intracellular accumulation is due to lack of enzymes involved in the normal degradation process.27 Earlier studies from this laboratory demonstrated that both heparitin sulfate and dermatan sulfate excreted in urine and deposited in tissues are markedly degraded.6 12 The available data permit the conclusion that in The data presented in this paper then conform with the idea that at least one variant of Hurler's disease is characterized by the intracellular accumulation of large-molecular-weight dermatan sulfate and hyaluronic acid. The defect responsible for this intracellular accumulation remains unexplained.
